Electromagnetic articulography (EMA) was used to investigate the tongue kinematics in the dysarthria associated with Friedreich's ataxia (FRDA). The subject group consisted of four individuals diagnosed with FRDA. Five nonneurologically impaired individuals, matched for age and gender, served as controls. Each participant was assessed using the AG-200 EMA system during six repetitions of the tongue tip sentence Tess told Dan to stay fit and the tongue back sentence Karl got a croaking frog. Results revealed reduced speed measures (i.e., maximum acceleration / deceleration / velocity), greater movement durations and increased articulatory distances for the approach phases of consonant productions. The approach phase, involving movement up to the palate, was more affected than the release phase. It is suggested that deviant lingual kinematics could be the outcome of disturbances to cerebellar function, or possibly in combination with disturbances to upper motor neuron systems.
dysarthria as reflecting a breakdown in the timing and coordination of speech, resulting in slowness and inaccuracy in the force, timing and direction of speech movements. Considering that the neurological involvement in FRDA can extend beyond the cerebellum and its connections, the associated dysarthria may not be purely ataxic in nature, but involve additional spastic and even flaccid characteristics. Furthermore, the speech disorder may be subject to individual variability and variability as the disease progresses (Blaney & Hewlett, 2007) . The heterogeneous nature of FRDA dysarthria was identified by Joanette and Dudley (1980) who described subgroups according to the perceptual speech characteristics. Two distinct groups of speech patterns were presented-a "general dysarthria factor" relating specifically to articulation and a "phonatory stenosis factor" relating to laryngeal function. They proposed that the findings of the dichotomous grouping of their participants with FRDA represent two distinct evolutions of the same underlying pathology. Consistent across groups, however, was the presence of the ataxic features of a prosodic and articulatory disturbance, reflecting the cerebellar effect on the timing and control of articulatory movements in FRDA.
Perceptually-derived characteristics of the articulatory disturbance in FRDA include imprecise consonant production, prolongation of phonemes, irregular articulatory breakdown and reduced rate of speech (Blaney & Hewlett, 2007; Folker, Murdoch, Cahill, Delatycki, Corben & Vogel, 2010; Gentil, 1990; Gilman & Kluin, 1985; Joanette & Dudley, 1980) . Ackermann and Hertrich (1993) investigated syllable durations within sentence utterances in an acoustic study of seven individuals with FRDA. They reported increased durations of articulatory gestures which they attributed to the slowing of articulatory movements. Furthermore, dynamic studies using cineradiography, x-ray microbeam, and otoelectric systems have investigated articulatory movements in ataxic dysarthria, reporting reduced velocity of articulatory gestures (Ackermann, Hertrich & Scharf, 1995; Hirose, 1986; Hirose, Kiritani & Sawashima, 1982; Kent & Netsell, 1975) . Reduced velocity could be attributed directly to cerebellar dysfunction or, alternatively, be the result of compensatory strategies to overcome deficits in cerebellar contributions to motor control (Kent, Netsell & Abbs, 1979) . The aforementioned studies involved patients with cerebellar ataxia of differing aetiologies and thus the findings cannot be directly applied to FRDA. The neuropathology in FRDA can involve aspects of the upper motor neuron system (corticospinal and corticobulbar tracks) resulting in a mixed dysarthria with spastic components. Folker, Murdoch, Cahill, Rosen et al. (2010) used electropalatography to investigate articulation in seven participants with FRDA and suggested that the articulatory dysfunction is a temporal rather than spatial disturbance. The finding of increased consonant phase durations, particularly increased durations at the palate, may be attributed to impairments in lingual kinematics.
The articulators of the lips and jaw have been of primary focus in past investigations of kinematics in ataxic dysarthria. Given that the tongue is considered to be a primary articulator in speech production (Smith, 1992) , it was the aim of the current study to use electromagnetic articulography (EMA) to investigate lingual kinematics in the dysarthria associated with FRDA. Specifically, the lingual articulatory kinematics of tongue-tip and tongue-back movement were investigated during sentence production. It was hypothesized that the dysarthric speakers would show impairments in lingual kinematics, including reductions in the speed of movement and increased durations and distances traveled compared with the controls.
Method Participants
Four individuals (3 female, 1 male) diagnosed with FRDA due to homozygous expansions of a GAA repeat in intron 1 of FXN, participated in the current study. The mean age of the group was 38.25 years (SD = 4.24) with an age range of 36-45 years. All participants were native speakers of Australian English and had no history of a coexisting neurological disorder or a speech disturbance before the onset of FRDA. No participants reported any significant hearing problems.
A speech sample, consisting of a reading of the standard passage "The Grandfather Passage" (Darley, Aronson & Brown, 1975) , was obtained from each participant with FRDA. The participants were instructed to read the passage at a habitual rate and loudness level. The speech samples were rated independently by two speech-language pathologists on a modified version of the perceptual rating scale outlined by FitzGerald, Murdoch and Chenery (1987) . The scale consisted of 30 different dimensions of speech, encompassing prosody, respiration, phonation, resonance and articulation. In addition, overall dysarthria severity was rated on a seven-point scale (1= no dysarthria, 2-7 = minimal to severe dysarthria). A rating of mild dysarthria was defined as a slight or occasional impairment in at least two speech subsystems (i.e., articulation, breath support, velopharyngeal, laryngeal). A measure of interjudge reliability, using Spearman's rho rank correlations, revealed a high mean degree of reliability (M rho = 0.910; range = 0.701-1.000) between the two judges. The judges conferred to produce a single consensus rating. Pertinent to the current study, the dimensions relating to articulation (consonant precision, vowel precision, prolongation of phonemes and general rate of speech) provided a profile of articulatory function for each participant with FRDA. In addition, a speech intelligibility measure was obtained from the sentence level of the Assessment of Intelligibility of Dysarthria Speech (ASSIDS) (Yorkston & Beukelman, 1981) , which was administered according to the procedure specified in the manual. The recordings of the ASSIDS sentences were transcribed and scored by a third judge who was unfamiliar with the participants. The biographical details and speech profile for each of the participants with FRDA are presented in Table 1 .
A group of five nonneurologically impaired individuals (4 female and 1 male) served as controls. The mean age of the control group was 39.4 years (SD = 7.33) with an age range of 32-48 years. Participants were all native Australian English speakers, and did not present with a history of speech, hearing or neurological disorder, or any history of lip, tongue or jaw surgery.
Assessment Procedures
The commercially available Electromagnetic Articulograph (AG 200 system; Carstens Medizinelektronik GmbH, Germany), was used to record tongue-tip and tongue-back movement along the midsagittal plane during speech production. Similar methodology has been employed in previous studies within the Centre for Neurogenic Communication Disorders (e.g., Bartle-Meyer, Goozée & Murdoch, 2009; Goozée, Murdoch, Theodoros, & Stokes, 2000) . 
Instrumentation
The two dimensional AG-200 system operates as an electromagnetic transduction system, comprising of three transmitter coils mounted on a plastic helmet. The transmitter coils, arranged within the midsagittal plane in an equilateral triangle, are positioned under the jaw, behind the neck and in front of the forehead. Each transmitter coil produces an alternating electromagnetic field at different frequencies, ranging from 10 to 20 kHz. Small receiver coils (~2 × 2 × 3 mm in size) are attached to the articulators within the alternating magnetic field and along the midsagittal plane. The alternating magnetic field from each transmitter coil induces alternating signals in the receiver coils. The position (x -y coordinates) of the receiver coils within the midsagittal plane is determined based on the magnitude of the signal (inversely proportional to cube of distance from the transmitter coil). All position data were sampled at a measurement frequency of 200 Hz.
Assessment Preparation
The AG-200 system was calibrated according to the procedures outlined in the system manual. Five receiver coils were used in the current study, prepared before assessment with a protective coating of latex (plastylate). Two receiver coils served as reference markers to enable later correction for head movement in relation to the helmet. One reference coil was attached to the bridge of the nose and one to the gingival above the two central incisors, as these points do not move in relation to the head. The remaining coils were affixed to the tongue-tip (1cm measured from the tip of the tongue), tongue-back (4cm measured from the tip of the tongue) and under the mental protuberance of the mandible. The receiver coils were attached in the midline, to the tongue and gum using a biologically safe adhesive (CyanoVeneer Fast, an ethyl cyanoacrylate), and to the nose and jaw using adhesive tape. Participants were seated in an upright chair and, once all but one of the receiver coils were attached, the helmet containing the transmitter coils was secured to the participant's head. To relieve the participants from the weight of the helmet, the helmet was suspended from the ceiling and lowered, using a pulley system. With the helmet in place, the final unattached receiver coil was used to trace the occlusional plane, which served as a spatial reference, necessary for data validation. To obtain the occlusional trace, the receiver coil was positioned on a custom-made t-bar, at the t-junction, and the researcher ran the t-bar over the upper teeth from the molars to the first or second bicuspid, with the receiver coil remaining in the midline. The receiver coil was subsequently attached to the tongue-tip.
Recording Procedure
A lapel microphone, connected to the AG-200 system, was attached to the front of the helmet (approximately 8cm from the mouth) to record the acoustic output during the EMA assessment, at a sampling rate of 16kHz. Participants were given approximately 5 min of speaking time to become accustomed to speaking with the receiver coils in place.
Participants were required to produce two target sentences, repeated five times in a random order (as part of a larger set of stimuli), and were instructed to speak in a natural manner, at their natural rate and loudness level. The two target sentences included Tess told Dan to stay fit and Karl got a croaking frog to investigate tonguetip and the tongue-back movement, respectively. Similar procedures have been employed in previous studies within the Centre for Neurogenic Communication Disorders (e.g., Chen, Murdoch & Goozée, 2008) . The preparation and recording procedure took approximately 40 min for each participant.
Analysis Procedures
The Tailer program 1.3 (Carstens Medizinelektronik GmbH, Germany) was first used to modify the articulatory movement data recorded by the AG-200 system, in preparation for data analysis. Each channel was initially filtered; the two reference channels using Filter 40 (cutoff = 8.0 Hz) and the three movement channels using Filter 160 (cutoff = 32.0 Hz). Dynamic position correction of the reference channels followed to eliminate the influence of head movement in relation to the helmet during data collection. Finally, the movement data were rotated within the x-y coordinate system so that the occlusional plane was parallel to the x-axis, ensuring the consistent orientation of kinematic data between participants.
Following modification of the articulatory kinematic data, the Emalyse analysis program (Carstens Medizinelektronik GmbH, Germany) was used to calculate the following kinematic parameters; maximum velocity (mm/s), maximum acceleration (m/s 2 ), maximum deceleration (m/s 2 ), duration (ms) and distance traveled (mm) by the tongue-tip and tongue-back coil during the approach and release phases of consonant productions. The y-displacement profile created by Emalyse was used to identify the five most prominent peaks within the sentences, with each peak representing tongue movement up to, and down from the palate. Each peak was isolated and, using the velocity and acceleration profiles, was analyzed for the parameters of maximum velocity and maximum acceleration/deceleration for the approach phase (up to the palate) and the release phase (down from the palate). The duration of movement and the distance traveled by the principal coil (tongue-tip or tongue-back) were calculated for the approach and release phases of consonant production. Onset of approach/release was defined by the minimum velocity point that corresponded to the initiation of lingual movement up to/down from the palate and, likewise, the end of the approach/release by the minimum velocity point corresponding to the end of tongue movement up to/down from the palate. A customwritten Matlab © program (RC2007b, version 7.5.0.342, Mathworks, Inc., USA) was used to calculate the distance traveled by the principal coil during the approach and release phases of consonant production. Total duration (sec) of movement across the sentence production was calculated for each sentence (from onset of first peak to end of last peak) from which rate of speech (syll/sec) was determined.
To determine the kinematic parameters across sentence production, the five peaks within the sentence were combined and an average calculated for each parameter for the five repetitions of each sentence type. In cases where five repetitions could not be analyzed (i.e., due to a malfunctioning sensor), an individual average kinematic parameter was calculated and replaced the missing value. From the total data set, 10% of the kinematic parameter values were replaced with a mean value. For two participants (one FRDA and one control) less than three repetitions of the Karl sentence were able to be analyzed and thus the participants' data were removed from the data set for the tongue-back sentence. Group comparisons were performed using nonparametric Mann-Whitney U tests.
Results
The results of nonparametric comparisons revealed a number of significant differences across groups for both tongue-tip and tongue-back sentences. Differences were considered significant at p < .05. The results of the group comparison for tongue-tip and tongue-back sentences are presented in Tables 2 and 3. The FRDA group demonstrated significantly reduced values for all kinematic parameters during the approach phase of consonant productions, for both tonguetip and tongue-back sentences. The release phase of consonant productions for the FRDA group showed distance and duration to be significantly increased for both sentences compared with the controls. Maximum velocity for the release phase of tongue-back sentence production was significantly increased for the FRDA group in comparison with the controls. Significantly increased sentence durations and reduced rates of speech were observed by the FRDA group for both sentence types.
To investigate variability among the participants with FRDA, the individual data were inspected. Figure 1 shows the mean values (and SD) for the control group and each of the participants with FRDA, for the parameters of velocity, acceleration, deceleration, duration and distance during the approach phase of consonant productions.
Discussion
The results of the current study revealed deviant lingual movements in the dysarthria associated with FRDA, evident for tongue-tip and tongue-back movement during the production of sentence utterances. As a group, the participants with FRDA demonstrated greater durations across both the tongue-tip and tongue-back sentences, resulting in significantly slower rates of speech (syll/sec). The parameters of duration and distance of lingual movement revealed significantly increased values, during the approach and release phases of consonant productions. Furthermore, the FRDA group demonstrated significantly lower maximum velocity, maximum acceleration and maximum deceleration, during the approach phase of consonant productions.
It could be attested that the approach phase (i.e., vowel to consonant transition) of consonant production is the most crucial phase for the articulation of consonants, while the release phase contributes more to the production of the following vowel (Kuehn & Moll, 1976) . Evidence supports the notion that the transitional movement of opening and closing articulatory gestures, specifically involving the lips and jaw, represent separate and distinct synergistic actions (Gracco, 1988) , with oral closure generally performed faster than the opening gesture (Gracco, 1994) . In a study investigating lip kinematics in ataxic dysarthria, Ackermann et al., (1995) reported that the closing gestures most consistently showed prolonged movement times. In the case of the current study investigating lingual articulatory movements, duration of movement was significantly greater in the FRDA group compared with the controls, for both the approach (closing) and release (opening) phases. Speed measures (velocity, acceleration and deceleration) however, were only reduced during the approach phases, while the release phases were more comparable to the controls. The FRDA group, in fact, exhibited faster peak velocity during the release phase of tongue-back consonant productions, compared with the controls. It is possible that these findings could be a result of differences in the motor control required for the closure/approach phase, versus the opening/release phase of consonant production (Gracco, 1988) . The approach phase, specifically for the production of alveolar and velar stops, requires the tongue to make precise positioning on the palate, within a constrained time, to achieve sufficient oral pressure for the subsequence release phase of the consonant. In contrast, for the opening or release lingual gesture, the final position of the tongue for the proceeding vowel is not as critical in terms of acoustic consequence (Gracco, 1988) . From a neuropathological viewpoint, it could be speculated that the approach phase of consonant production would be more susceptible than the release phase to the effects of cerebellar deficits and disturbances to motor control. The group results suggest that the prolonged movement durations exhibited by the participants with FRDA during the approach phase of consonant productions, could be attributed to increased articulatory distances, in addition to slowed movement executions (as revealed by reduced maximum velocity, maximum acceleration and maximum deceleration). Examination of the individual results showed some individual variability to this trend (refer to Figure 1) , particularly for the tongue-tip sentence. Specifically, Case 1 did not appear to differ from the controls for the measure of duration of approach phase of alveolar consonant productions. Furthermore, Case 1 exhibited reduced distances, and thus the reduced velocity appeared to be compensated for by smaller articulatory movements, resulting in durations that were comparable to the controls. According to her perceptual profile, Case 1 was perceived as tending toward a faster rate of speech than normal, with a minor articulatory impairment and high intelligibility.
Case 3 also differed from the group trend, exhibiting a tendency toward increased velocity and increased deceleration for the approach phase of alveolar consonant productions. Duration of movement, however, was increased compared with the control group mean and Case 3 also demonstrated the highest value for distance traveled. This individual was noted by the examiner to use a deliberate slow rate of speech with a tendency to "over articulate", conceivably as a compensatory strategy to maintain a high level of intelligibility. The kinematic profile exhibited by this case is consistent with that of "clear speech" in healthy speakers which is associated with increased peak velocity and larger articulatory movements (Perkell, Zandipour, Matthies, & Lane, 2002) .
It is thought that the cerebellum regulates the sensitivity of the muscle spindles so that optimum feedback regarding the state of muscle contraction can be supplied to the higher center as a movement is performed (Gilman, 1969) . Moreover, the cerebellum compares the intentions of the motor cortex with the actual performance of the various muscles, and, in response, performs corrective functions to ensure the precise movement that was intended is actualized (Murdoch, 1990) . One such function is to dampen the muscle movement by inhibiting agonistic muscles and exciting antagonistic muscles to stop movement at the precise point of intention. In addition, the cerebellum functions to predict the future positions of moving body parts. A disturbance of these functions resulting from cerebellar involvement, as evident in FRDA, could explicate the reduced velocities observed in the current study.
Considering the interrelated nature of the kinematic parameters, the difficulties observed in acceleration would have directly contributed to the reduced speed of tongue movements up to the palate, and, in turn, contributed to the reduction in deceleration as the tongue approached the palate to effect closure. A decrease in the ability of the tongue to appropriately generate speed has been attributed to deficits in motor-unit recruitment and insufficient stimulation of muscle fibers within the tongue (Murdoch & Goozée, 2003) . Slowed movement execution is consistent with previous kinematic studies in cerebellar dysarthria and represents a fundamental feature of the speech disorder (Ackermann et al., 1995; Kent & Netsell, 1975) . While slowed articulatory movements may be the direct result of the cerebellar motor disturbance, compensations to overcome the motor disturbance may have additional effects on articulatory kinematics (Kent et al., 1979) .
Slow speaking rates have been associated with larger articulatory movements (Perkell et al., 2002) , which may additionally be a compensatory strategy to facilitate articulatory function and enhance intelligibility. Increased articulatory distances have also been described as being reflective of "the tongue overshooting the points of intent at the palate and/or when forming the vowel" (Murdoch & Goozée, 2003, p 88) . Murdoch and Goozée, (2003) attributed overshooting of intent to cerebellar damage and a disturbance to the corrective function of the cerebellum, allowing movement to stop at the exact point of intent (Murdoch, 1990) . Regardless of the underlying cause of the disturbance, it was evident in the current study that increased distance did contribute to the prolongation of articulatory movement durations.
In conclusion, the current study provided evidence of disturbed lingual kinematics in the dysarthria associated with FRDA during alveolar and velar consonant productions. Specifically, the participants with FRDA demonstrated slower and larger lingual movements, with disturbances most prominent during the approach phase of consonant productions. The differences compared with the controls may be the result of disturbances to the cerebellar contributions to motor control or, alternatively, the result of compensatory slowing of articulation. Considering the possible involvement of the UMN system, the slow articulatory movements may be a result of the additional contributions of spasticity. Future research investigating different speaking rates and styles (i.e., clear speech versus habitual) would help to elucidate how the motor system is compromised in FRDA and the effect that compensatory strategies and spasticity have on articulatory kinematics.
